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Figure 2
Figure 2A
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Closed Mode

Open Mode
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1
HIGH FIDELITY BLAST HEARING
PROTECTION

This Invention was made with government support under
USAMRMC Contract No. W81XWH-12-C-0121, awarded
by the Telemedicine and Advanced Technology Research
Center (TATRC). The government has certain rights to the
inventions described in this application.

BACKGROUND OF THE INVENTION

The present invention regards a device for providing
hearing protection against continuous and impulsive noise
exposure using passive methods. Users of the device will
benefit from being able to maintain situational awareness
while protecting their hearing from harmful loud noises. In
some embodiments the passive methods are paired with
active electronic components and/or communications equip-
ment to form what are hereafter referred to as hybrid hearing
protectors.

Hearing protection heretofore developed typically
includes the use of electronic components and methods for
providing blast protection while maintaining situational
awareness. For example, high-speed digital electronic pro-
cessing is employed in electronic hearing protectors to
achieve 1) a flat frequency response under quiet conditions,
and 2) hearing protection under conditions with loud impul-
sive noises such as blasts. These devices are typically
expensive due to the need for high-speed digital electronic
processing.

As an example, U.S. Pat. No. 4,985,925 (Langberg et al.,
“Active Noise Reduction System™) uses a combination of
passive attenuators and active electronics for hearing pro-
tection. Langberg’s method as described relies on a complex
use of active electronic noise reduction circuitry, summing
microphones and filter/feedback methods, all of which ren-
der a relatively expensive device when reduced to practice.

Therefore, there is a need to provide hearing protection
against continuous and impulsive noise exposure that avoids
the use of expensive components, such as high-speed digital
electronic processing and complex circuitry.

GENERAL DESCRIPTION OF THE INVENTION

The hearing protection device of the present invention
passively achieves a flat-frequency response by means of a
nonlinear acoustic filter and a tuning element (hereafter the
combination of the non-linear filter and tuning element will
be called the passive element). The passive element of the
device of the present invention protects the ear from sudden
blasts or impulsive noises. The device has potential use as a
low-cost hearing protection device with superior perfor-
mance as compared to existing passive hearing protection
devices. Specifically, the flat frequency response provided
by the passive element is similar to the frequency response
provided by musician’s quality earplugs, without the need
for custom ear molds and expensive manufacturing, and the
blast protection provided by the passive element of the
device of the present invention is superior to most passive
hearing protection devices.

Some embodiments of the hearing protection device of
the present invention include a combination of the passive
element of the device of the present invention and an active
electronic element, which counteracts the insertion loss
provided by the passive element and restores natural hearing
for low to moderate sound pressure levels. The active
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2

electronic element comprises generally a microphone, an
electronic amplifier circuit, and a speaker, to restore natural
hearing.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of an embodiment of the present
invention.

FIG. 2 is a picture of an embodiment of the present
invention, and FIG. 2A is a picture of an embodiment of the
present invention positioned in an ear.

FIG. 3 shows a peripheral view of an embodiment of the
present invention, assembled and unassembled.

FIG. 4 is a graph showing insertion loss in dB over a range
of frequencies for both the passive element of embodiments
of the present invention, and a prior art passive hearing
protection device, each as measured in an open and a closed
position.

FIG. 5 is a schematic of a hybrid hearing protector
embodiment of the present invention, and FIGS. 5A and 5B
are pictures of different embodiments positioned in an ear.

FIG. 6 is a graph showing insertion loss in dB over a range
of frequencies of a hybrid hearing protector embodiment of
the present invention. The top curve shows the frequency
response in a high gain mode where approximately normal
hearing is achieved. The middle curve shows the frequency
response in a low gain mode where approximately 20 dB of
insertion loss is provided over a range of frequencies. The
bottom curve shows the frequency response when the device
is powered off.

FIG. 7 shows an embodiment of the present invention,
with the housing cap in the open and closed positions.

FIG. 8 shows an embodiment of the diaphragm clamping
feature of an embodiment of the present invention, which
creates uniform tension on the diaphragm.

FIG. 9 shows the additional insertion loss provided by a
passive hearing protector embodiment at various exposure
levels in dB beyond the insertion loss provided at 110 dB (re
20 microPascals),

FIG. 10 shows the additional insertion loss provided by a
hybrid hearing protector embodiment at various exposure
levels in dB beyond the insertion loss provided at 110 dB (re
20 microPascals).

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

As depicted by embodiments shown in the figures, the
hearing protection device of the present invention passively
achieves a flat-frequency response and blast protection
(without electronic processing) by means of a passive ele-
ment 1 comprising a nonlinear acoustic filter 11 and a tuning
element 12, supported in a housing structure 2.

As shown in FIG. 1, the nonlinear acoustic filter 11
comprises one or more walls 110 (FIG. 1 depicts a single
wall), each having one or more small, precision orifice(s)
111. Each wall 110 has a thickness of between 0.005" and
0.200", or between 0.010" and 0.025"; in some embodiments
the wall 110 has a thickness of about 0.012", Preferably, the
walls are made substantially from acrylonitrile butadiene
styrene (ABS) plastic. Alternatively, the walls may be fab-
ricated from any solid material such as plastic or metal.
When multiple walls are used, they are layered with spacing
between walls ranging from 0.001" and 0.200", or between
0.010" and 0.025". In some embodiments of multiple-walled
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filters the orifices 111 of the walls 110 may be aligned,
however in other embodiments the orifices of the walls are
not aligned.

The orifice(s) 111 allow lower-level sounds to pass
through the acoustic filter 11 with limited insertion loss
while providing increased insertion loss as noise levels
increase, thereby resulting in a nonlinear acoustic response
which preferentially attenuates loud noises (high sound
pressure levels) such as impulsive blasts. The more intense
the impulse or noise received by the device, the more it is
attenuated by the acoustic filter 11. Specifically, as the
amplitude of sound increases, the particle velocity of the
oscillatory flow within the orifice increases; as these high
particle velocity sound waves pass through the orifice(s)
111, the same are attenuated due to viscous drag and
pressure drop across the orifice 111 (viscous drag and
pressure drop increase as the particle velocity of the sound
waves increase).

For ease of manufacturing, each orifice 111 may be
cylindrical in shape. The orifices may have a diameter of
between 0.005" and 0.140"; in some embodiments the
orifice(s) have a diameter between 0.010" and 0.070"; in
some embodiments the orifice(s) have a diameter of about
0.014. In some embodiments (as shown in FIG. 3) the orifice
111 of the passive element 1 is positioned at the end of the
ear-tip base 23 described below.

As shown in FIG. 1 the passive element 1 further com-
prises a tuning element 12 which flattens the frequency
response of the sound waves passing through the element to
prevent the typical low-pass filter effect of passive earplugs.
The tuning element 12 may comprise a resonance chamber
(or acoustic resonator cavity) 121 and/or one or more filter
diaphragms 122. The chamber 121 and the diaphragms 122,
each and in combination, achieve the flat-frequency
response of the tuning element 12 by reducing the passage
of low frequency sound (see FIG. 4). When multiple dia-
phragms 122 are used, they may be stacked one directly onto
another in some embodiments, or separated by walls 110 in
other embodiments.

Referring to FIGS. 3 and 8, in some embodiments the
cavity 23A1 of resonator 121 is somewhat cylindrical, with
an inner diameter of between 0.05" and 0.5", or 0.15" and
0.25", or about 0.2", and a height (in the open position) of
between 0.02" and 0.2", or 0.165" and 0.185", or about
0.175". In some embodiments (shown in FIG. 8) a chamber
consisting of conical cavity 23A atop a cylindrical cavity
233 is located below the diaphragm 122. The conical cavity
23A, in some embodiments has a major diameter between
0.02" and 0.2", or 0.125" and 0.175", or about 0.15", with a
minor diameter between 0.02" and 0.2", or 0.05" and 0.10",
or 0.07", and a height of between 0.01 and 0.1", or 0.03" and
0.05", or 0.04". In some embodiments, the cylindrical vol-
ume 233 (shaped for ease of manufacturing) has an inner
diameter between 0.02" and 0.2", or 0.05" and 0.10", or
0.07", and a height of between 0.01" and 0.4", or 0.1" and
0.3", or 0.2".

The tuning element 12 may comprise a diaphragm 122, a
resonator 121 or both, to achieve a flat frequency response.
However, when a diaphragm 122 is present, cavities 23A
and 23A1 must be integrated into the tuning element 12 on
each side of the diaphragm to allow the diaphragm to flex
and vibrate, and the cavities 23A and 23A1 function as
resonators in such a configuration. The resonator 121 can
provide such a cavity, on either side of the diaphragm 122.
As shown in FIG. 8, the lower portion of a retainer ring 25
with the circumferential structure 251 extending therefrom
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and the diaphragm 122 can form the upper resonance
chamber 23A1 of the passive element 1

In some embodiments of the present invention the dia-
phragm 122 is manufactured from a biaxially-oriented poly-
ethylene terephthalate (BoPET) material having a thickness
of between 0.0003" and 0.003", or about 0.001", and a
diameter of between about 0.1" to 0.5", or between 0.3" and
0.4", or about 0.345". The diaphragm 122 is supported by
said housing structure 2 at or about its circumference.

The figures show the passive element 1 with the tuning
element 12 supported in said housing structure 2 before the
nonlinear acoustic filter 11 (12 is left of 11 in FIG. 1);
however, in some embodiments of the present invention the
tuning element 12 is supported after the nonlinear acoustic
filter 11.

As shown in the embodiment of FIG, 3, the passive
element comprising in series a nonlinear acoustic filter and
a tuning element, is a component of the hearing protection
device of the present invention, which is supported in a
housing 2 comprising a cap 21, an ear-tip base 23, and a
retainer ring 25, The nonlinear acoustic filter comprising a
pinhole orifice 111 extends through the wall of said ear-tip
base (for example), and the tuning element comprising a
diaphragm 122 and resonance chambers formed in the ear
tip base 23 and the retainer ring 25, above 23A1 and below
23A the diaphragm 122. In the embodiment shown, the
ear-tip base 23 has a tubular structure 231 extending from
the bottom thereof, in some embodiments this tubular struc-
ture 231 comprises structure 232 around its exterior to
secure a foam ear tip 26 (shown in FIGS. 2, 5 and 7), and
a hollow core (cylindrical cavity) 233, for secure placement
within an external auditory meatus 9 (shown in FIG. 1).
Foam ear tips suitable for use in the present invention
include ear tips manufactured by Comply Inc. or other foam
or silicone tips. The ergonomic cap or top 21 is manufac-
tured with one or more apertures 20 (see, also, FIG. 7) to
receive sound waves, and includes an extending portion 212
to allow a user to grip the unit and assist with insertion or
removal of the same from the ear.

In some embodiments the base 23 comprises a diaphragm
clamping feature 236, which, when the diaphragm 122 is
positioned within said feature (as shown in FIG. 8), creates
uniform tension on the diaphragm. In the embodiment
shown, the upper portion of the clamping feature 23B
extends from the circumferential structure 251 of the
retainer ring 25 and comprises a circular ridge 25B1; the
circular ridge 25B1 fits into a circular channel 23B1 of the
ear-tip base 23. The diaphragm 122, when positioned
between surfaces 25s and 23s, is thereby clamped in place
by opposing surfaces with uniform tension provided by the
mating of the circular ridge 25B1 and circular channel 23B1
of the ring 25 and the base 23. In some embodiments the
retainer ring 25 is secured within the ear-tip base 23 by
means of corresponding circumferential engagement struc-
tures 25C1 and 23C1 extending about the circumferential
structure 251 of the retainer ring 25 and the interior upper
lateral side of the ear-tip base 23.

Integrating a plug or door to cover the entire sound inlet
channel 20 in order to block any air path into the hearing
protection device will offer supplementary protection in a
bud continuous noise environment. One such embodiment is
shown in FIG. 7 where the cap 21 and the retaining ring 25
are separate bodies. designed and configured to interlock
when forming the housing 2, where the cap is designed to
rotate between open and closed positions, so that by a turn
of the cap 21 relative to the remainder of the housing 2, the
sound inlet channel 20 can be opened (uncovered) or closed
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(covered). When the cap 21 is in the open position, the sound
inlet channel 20 will allow clear transmission of sound, but
at a reduced level, while also providing blast protection;
when the cap 21 is in the closed position, the sound inlet
channel 20 is closed off to give the maximum amount of
protection against loud noise. In this embodiment, as shown
in FIG. 3, an o-ring 24, which may be made from silicone
or other suitable material, is compressed between the cap 21
and retaining ring 25 to further seal the sound inlet channel
20 in closed position.

The housing structure components, namely the cap 21, the
retainer ring 25, and the base 23 of the embodiment of the
device shown in FIGS. 3, 5, 7 and 8, have interlocking
(shown as correspondingly threaded) circumferential struc-
tures to allow the components to form compactly as one
housing structure 2. Preferably the components are made
substantially from acrylonitrile butadiene styrene (ABS)
plastic. Alternatively, the components may be fabricated
from any solid material such as plastic or metal. An embodi-
ment of the passive device in the housing 2 is shown in FIG.
2, and in an ear in FIG. 2A.

The passive element 1 of the device of the present
invention creates a relatively flat response, whereby the
insertion loss ranges from 18 to 30 dB in the frequency range
01 100-10,000 Hz, as compared to a prior art passive model
(3M Combat Arms Earplug) that has a vast range of insertion
loss (from almost 0 dB at 100 Hz to 35 dB at 2500 Hz).

As shown in FIG. 9, when noise levels increase to 170 dB
for example, the hybrid embodiment provides up to an
additional 24 dB of insertion loss relative to the protection
afforded at a 110 dB exposure level for a total of 55 dB of
insertion loss. This capability to offer lower insertion loss at
low noise levels and provide greater insertion loss at high
noise levels (such as weapons fire) provides the user with the
ability to maintain situational awareness and receive extra
noise protection when needed.

Another embodiment of the present invention comprises
a hybrid passive/electronic hearing protection device using
the same passive element 1 for providing hearing protection
as described above, but also having (as shown in FIG. 1) an
active electronic element 3 to counteract the insertion loss
provided by the passive element and restore natural hearing
for low to moderate sound pressure levels. By inclusion of
the active electronic element 3 of the present invention,
sounds reduced by the passive nonlinear filter 11 may be
amplified and sounds that fall below normal hearing levels
when wearing hearing protection can be enhanced.

As shown in FIGS. 1 and 5, the active electronic element
3 comprises an electronic microphone 31, a simple, inex-
pensive, low-power electronic amplifier circuit 32, and a
speaker 33, to restore natural hearing. These electronic
components are positioned in the hearing protection device
either before or after the passive element 1 of the present
invention. If the electronic element 3 is positioned before the
passive element 1, sound passes through the electronic
element 3 before passing through the passive element 1 and
then into the external auditory meatus 9. If the electronic
element 3 is positioned after the passive element 1, sound
passes through the passive element 1 before passing through
the electronic element 3 and then into the external auditory
meatus 9. While the figures show the electronic element 3
before the passive element 1, the order can be reversed (FIG.
5B). When the passive element 1 is closest to the external
auditory meatus, however, it acts to reduce the self-noise
generated by the electronics and coming through the speaker
33 of the electronic element resulting in a desirably low
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noise floor and allowing the user to better maintain aware-
ness of the surrounding environment.

An embodiment of this hybrid hearing protection device
of the present invention, as depicted in FIG. 5, has the
passive element 1 positioned in the housing 2 after the
electronic element 3. In this embodiment of the hybrid
hearing protection device, the retainer ring 25 of the above
mentioned embodiment of the passive device is replaced
with a spacing ring 35 to clamp the diaphragm 122 in place
and also define the volume (a substantially cylindrical
volume with a diameter of about 0.2" and a length of about
0,12") of the cavity between the speaker 33 and the dia-
phragm 122 of the passive element 1. As shown in FIGS. 5§
and 5A, electronic element 3 contains an electronics housing
34 having a microphone port 321, a high/low/off gain switch
311 for operating the amplifier circuit 32, and a cavity with
a removable door 36 for receiving a battery 344 with battery
terminals 344 A and 344B. Like the housing structure here-
inabove described for an embodiment of the passive device,
the housing structure of this hybrid embodiment may,
include interlocking support structures.

Optionally, as shown in FIG. 1 a push-to-talk (PIT)
feature can be incorporated within the hybrid hearing pro-
tection device (at 37), with a switch 38 to engage the PTT,
and a radio system 39. This feature permits integration with
communications (radio or phone) and entertainment devices
using a standard audio jack or other communications system
interface.

The hybrid hearing protection device achieves function-
ality equivalent to the expensive electronic hearing protec-
tion devices of the prior art, at a significantly reduced cost.
The passive element 1 of the hybrid system continues to
provide instant blast protection and noise compression at
high sound pressure levels and yet achieves the natural flat
frequency response, and the electronic element 3 restores
natural hearing at low sound pressure levels. With optional
inclusion of communications components, the hybrid system
further provides situational awareness with the capability for
radio integration.

As shown in FIG. 6, when the power is off on the hybrid
system of the present invention (i.e., the electronic compo-
nents are not active), the insertion loss is more than 30 dB
(lowest curve); the insertion loss decreases significantly
when amplifying from a low gain mode (20 dB of insertion
loss, middle curve) to a high gain mode (0 dB of insertion
loss, upper curve). Furthermore, as shown in FIG. 6, the
hybrid embodiment of the present invention has a relatively
flat frequency response, and provides normal hearing (ap-
proximately O dB insertion loss as shown by upper curve) at
low noise levels (e.g., 90 dB), when operated in a high gain
mode. When operated in a low gain mode (FIG. 6, middle
curve) the noise levels are reduced by about 24 dB from
normal hearing as would be desirable in a louder environ-
ment.

As shown in FIG. 10, when noise levels increase to 160
dB, for example, the hybrid embodiment provides an addi-
tional 45 dB of insertion loss beyond the protection afforded
at a 110 dB exposure level for added protection. This
capability to offer normal hearing at low noise levels, but
attenuate sound at high noise levels (such as weapons fire)
provides the user with the ability to maintain situational
awareness and receive protection when needed (as sound
levels increase).

The invention claimed is:

1. A hearing protection device intended to be inserted into
an external auditory meatus of a user, the hearing protection
device comprising:
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a housing structure having a first end and a second end,
wherein the first end is intended to be inserted into said
external auditory meatus of a user, the housing struc-
ture supporting in series a passive tuning element
comprising a diaphragm and a passive, nonlinear
acoustic filter,

wherein the housing structure supports the diaphragm
about its circumference and provides cavities on each
face of the diaphragm, and

wherein the housing structure further comprises a retainer
ring having a circumferential structure which, when
positioned above the diaphragm in the housing struc-
ture, forms one of the cavities.

2. The hearing protection device of claim 1, wherein the
nonlinear acoustic filter comprises a wall having an orifice
extending through said wall.

3. The hearing protection device of claim 2, wherein said
wall has a thickness of between 0.005" and 0.200", and said
orifice has a diameter of between 0.005" and 0.140".

4. The hearing protection device of claim 1, wherein said
passive tuning element further comprises a resonance cham-
ber and wherein the diaphragm encloses an end of said
resonance chamber.

5. The hearing protection device of claim 1, wherein said
diaphragm is a biaxially-oriented polyethylene terephthalate
(BoPET) diaphragm.

6. The hearing protection device of claim 4, wherein said
resonance chamber has an inner diameter of between 0.05"
and 0.5".

7. The hearing protection device of claim 1, wherein said
housing structure further comprises a base, and wherein said
retainer ring and said base together secure said diaphragm
about its circumference.

8. The hearing protection device of claim 1, further
comprising an electronic element comprising an electronic
microphone, a low-power electronic amplifier circuit con-
trolled by a switch, and a speaker.

9. The hearing protection device of claim 8, wherein said
passive tuning element and said passive nonlinear acoustic
filter are supported near said first end of said housing
structure; and said electronic element is supported near said
second end of said housing structure, to achieve low elec-
tronic self-noise and resulting low audible noise passing into
the ear canal.

10. The hearing protection device of claim 8, wherein said
amplifier circuit is supported in said housing structure in
series with said passive tuning element and said passive
nonlinear acoustic filter.

11. The hearing protection device of claim 1, wherein the
passive tuning element comprises a resonator.

12. The hearing protection device of claim 11 further
comprising a low-power, electronic amplifier circuit and a
miniature speaker, which circuit provides electrical input to
the miniature speaker to overcome the attenuation of sound
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and restore hearing to normal levels from said tuning
element and said acoustic filter, at typically audible frequen-
cies.

13. The hearing protection device of claim 12, wherein
said passive tuning element and said passive nonlinear
acoustic filter are supported in the housing at its first end.

14. The hearing protection device of claim 1, wherein the
housing structure comprises a hollow, conical cavity posi-
tioned at a face of the diaphragm, the face directed towards
the first end of the housing structure.

15. The hearing protection device of claim 14, wherein
said conical cavity has a major diarneter between 0.02" and
0.2", a minor diameter between 0.02" and 0.2", and a height
of between 0.01" and 0.1".

16. A hearing protection device intended to be inserted
into an external auditory meatus of a user, the hearing
protection device comprising:

a housing structure having a first end and a second end,
wherein the first end is intended to be inserted into said
external auditory meatus of a user, the housing struc-
ture supporting in series a passive tuning element and
a passive, nonlinear acoustic filter, and further support-
ing an electronic element comprising an electronic
microphone, a low-power electronic amplifier circuit
controlled by a switch, and a speaker.

17. The hearing protection device of claim 16, wherein
said passive tuning element and said passive nonlinear
acoustic filter are supported near said first end of said
housing structure; and said electronic element is supported
near said second end of said housing structure, to achieve
low electronic self-noise and resulting low audible noise
passing into the ear canal.

18. The hearing protection device of claim 16, wherein
said amplifier circuit is supported in said housing structure
in series with said passive tuning element and said passive
nonlinear acoustic filter.

19. A hearing protection device intended to be inserted
into an external auditory meatus of a user, the hearing
protection device comprising:

a housing structure having a first end and a second end,
wherein the first end is intended to be inserted into said
external auditory meatus of a user, the housing struc-
ture supporting in series a passive tuning element and
a passive, nonlinear acoustic filter, wherein the passive
tuning element comprises a resonator; and

the housing structure further supporting a low-power,
electronic amplifier circuit and a miniature speaker,
which circuit provides electrical input to the miniature
speaker to overcome the attenuation of sound and
restore hearing to normal levels from the tuning ele-
ment and the acoustic filter, at typically audible fre-
quencies.

20. The hearing protection device of claim 19, wherein the

passive tuning element and the passive nonlinear acoustic
filter are supported in the housing at its first end.
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